A Coulomb scattering model for ultrathin silicon-on-insulator inversion layers has been developed. This model simultaneously takes into account ͑i͒ screening of charged centers by mobile carriers, ͑ii͒ the distribution of charged centers inside the structure, ͑iii͒ the actual electron distribution, ͑iv͒ the charged center correlation, and ͑v͒ the effect of image charges. We have used this model in a Monte Carlo simulator for single-gate silicon-on-insulator inversion layers and have calculated electron mobility curves in these devices taking into account phonon, surface roughness and Coulomb scattering for different values of the silicon slab thickness sandwiched between the two oxide layers. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1477623͔
The electronic properties of quasi-two-dimensional electrons in silicon inversion layers are significantly affected by the insulator semiconductor interface. 1, 2 This is so to the extent that the main limitations to electron mobility in these physical systems are closely related to inherent phenomena in the insulator semiconductor interface, such as: ͑i͒ the Coulomb scattering of electrons by fixed charges in the oxide bulk or by trapped charges right at the Si-SiO 2 interface, and ͑ii͒ the interface-roughness scattering of electrons due to the deviation of the Si-SiO 2 interface from an ideal plane. The importance of these phenomena is reflected by the fact that they are responsible for the significant decrease in electron mobility in silicon inversion layers compared to its value in the bulk, both at low inversion charge concentrations ͑Cou-lomb scattering͒ and at high ones ͑interface roughness scattering͒.
It seems clear that these effects are important in physical systems where electrons are simultaneously affected by two of these interfaces. This is the case of the electron gas contained in an ultrathin silicon-on-insulator ͑SOI͒ inversion layer. 3 In the Coulomb scattering models for bulk silicon inversion layers it has been shown that Coulomb scattering strongly depends on factors such as ͑a͒ the electron distribution of electrons in the inversion layers, ͑b͒ the geometrical distribution of external charged centers, ͑c͒ the screening of charged centers by mobile carriers, ͑d͒ the charged-center correlation, and ͑e͒ image charges. 1, 4, 5 On the other hand, we know from the self-consistent solution of Poisson and Schrö-dinger equations in ultrathin SOI devices, 3, 6 that the mutual influence of the two Si-SiO 2 interfaces means that the electron distribution in ultrathin SOI devices strongly differs from that found in bulk inversion layers. This, a priori, would lead to a different screening effect, a different relative position between carriers and charged centers, and as a consequence, a very different Coulomb scattering effect on the electron mobility.
We have improved the previous Coulomb scattering model in order to make it valid for SOI inversion layers. Figure 1 shows the semiconductor structure we have considered in our study. The model developed is valid both for single-gate silicon-on-insulator devices ͑SGSOI͒ and for double-gate silicon-on-insulator ͑DGSOI͒ devices.
Let ext be the external charge density responsible for the Coulomb scattering. 4 As a consequence of this charge density, the electrostatic potential responsible for the confinement of the carriers is spatially modified, and its perturbation V obeys the Poisson equation:
where r is the coordinate parallel to the interface and z is the coordinate perpendicular to it. ⑀(z) is the position-dependent permittivity overall and ⑀ sc the permittivity of the semiconductor. The first term of the right-hand member of Eq. ͑1͒ is the induced charge responsible for the screening. g i (z) is the square of the electron envelope function in the ith subband, and i (z), and S i the screening parameter. 
Integrating Eq. ͑2͒ with the boundary conditions:
where ssi (Q) (iϭ1,2) is the Fourier transform of the charge density at both semiconductor-insulator interfaces; we thus reach the following solution for the Fourier transform of the potential fluctuations:
͑4͒
F Ј being the total external charge responsible for Coulomb scattering and G Q (z,z 1 ) the Green's functions given by
for L 2 ϽzϽL 3 , ͑7͒ where the coefficients A, B, and C are given by
Note that in the case L 2 →ϱ, the Green's functions ͓Eqs. ͑5͒-͑7͔͒ are reduced to expression ͑11͒ of Ref. 4 , corresponding to a bulk silicon inversion layer.
To solve Eq. ͑4͒ we make the ansatz equal to ͑Q,z,zЈ͒ϭϪ2⑀ sc͚
͑12͒
This is a particular case of Eq. ͑4͒, corresponding to the case F Ј (Q,z)ϭe␦(zϪzЈ), i.e., a pointed charge located at zЈ. Although expression ͑12͒ is significantly simpler than expression ͑4͒ ͑the former does not depend on the external charge density, which greatly simplifies the procedure to achieve the solution͒, it is still an implicit equation, i.e., we have in both members of the equation the required solution. Therefore, we need an iterative procedure to solve Eq. ͑12͒.
Once the Fourier transform of the potential perturbations due to a pointed charge located at (0,zЈ) has been evaluated for every zЈ, we can obtain the Fourier transform of the potential perturbations due to the external charge density responsible for Coulomb scattering by evaluating expression ͑11͒. The perturbation Hamiltonian is then given by
Taking the Fermi golden rule as a starting point, and following a procedure identical to that discussed in Ref. 4 we obtained the Coulomb scattering rate for an electron transition from subband i, to subband j ͓expression ͑33͒ and following of Ref. 4͔ .
The complexity of expression ͑12͒ is due to the contribution of screening ͓the first term of the second member of Eq. ͑12͔͒. In the absence of screening ͑unscreened case͒, Eq. ͑12͒ would read unscreened (Q,z,zЈ)ϭeG Q (z,zЈ), i.e., the potential perturbation is due to the presence of a pointed charge located at zЈ, and whose solution is given by expressions ͑5͒-͑7͒. On the other hand, we know that screening due to the presence of mobile carriers tends to reduce the scattering force. We have defined parameter ␣ as a measure of the degree of screening as
We have represented the value of parameter ␣ versus the inversion charge concentration for different values of the silicon layer thickness, T w . A pointed charge located at zЈϭ0 has been assumed. We have observed the more the silicon layer is reduced, the more effective is the screening. However, as mentioned above, screening is only one of the factors that affect Coulomb scattering.
Using a Monte Carlo simulator as described elsewhere, 6 we evaluated mobility curves for a SGSOI inversion layer by taking into account phonon scattering, 7 surface-roughness scattering, 8 and Coulomb scattering ͑using the model developed in this letter͒. Figure 2͑a͒ shows mobility curves for different values of the transverse effective field. An interface trap concentration of N it ϭ5ϫ10 10 cm Ϫ2 was assumed for both interfaces. Different silicon layer thicknesses, T w , were considered. The silicon layer was assumed to be undoped. To isolate the effect of Coulomb scattering we calculated mobility curves taking into account only phonon scattering and surface-roughness scattering for the same inversion layers considered in Fig. 2͑a͒ , and we applied Mathiessen's rule. As can be observed, Coulomb mobility increases with the inversion charge due to the screening. However, Coulomb mobility decreases as T w decreases, thus showing an opposite trend to the behavior expected from the screening effect behavior as N inv increases. This means that the other factors previously mentioned play a stronger role with the increase of N inv than the screening increase.
In summary, this letter presents a Coulomb scattering model for ultrathin silicon-on-insulator inversion layers. We have used this model in a Monte Carlo simulator and have calculated electron mobility curves in SGSOI inversion layers taking into account phonon, surface roughness, and Coulomb scattering for different values of the silicon slab thickness sandwiched between the two oxide layers. We found that the Coulomb-limited mobility decreases with T w in spite of the fact that the screening of charged centers by mobile carriers strengthens as T w is reduced. This work has been carried out within the framework of Research Project No. TIC2001-3243 supported by the Spanish Goverment.
FIG. 2. ͑a͒
Electron mobility curves in a SGSOI inversion layer at room temperature vs the inversion charge concentration for different values of the silicon layer thickness. Phonon-scattering, surface-roughness scattering ͑L sr ϭ1.5 nm and ⌬ sr ϭ0.25 nm at both interfaces͒ and Coulomb scattering ͑N it ϭ5ϫ10 10 cm Ϫ2 at both interfaces͒. ͑b͒ Coulomb-limited mobility corresponding to the mobility curves of ͑a͒, obtained by using Matthiessen's rule.
